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program. The recipient also agrees that the program and all documents related thereto, including
all copies and versions {except when expressly authonized otherwise) in possession thercof, will
be discontinued from use or destroyed upon request by the Gevernment.

The program s o be used only in the public interest and/or the advancement of scicnce and
will not be uscd by the recipient 10 gain unfair advantage over any client or competitor.
Whercas the recipient may charge clients tor the ordinary costs of applying the program, the
recipient agrees not o levy a charge, royally or proprietary usage fee (except to cover any
normal copving and/or distribution costsy upon any client for the development or use of the
recerved program. Recipients desiring to meelify and remarket the program will be required to
comply with a separate agreement. Only minor or temporary modifications will be made 1o the
program (e.g., necessary corrections or changes in the format of input or output) without written
approval from he Government. Should the program be turmished by the recipient to a third
party the reciprent is responsible to that third party for any support and upkeep of the program.
mntormation on the source of the program will be fumished to anyone requesting such
information.

The accuracy of this program depends entirely on user-supplied input data. It is the user’s
responstbility to understand how the input data affects the program output and to use the output
data only as mntended.

All documents and reports conveying information obuained as a result of the use of the program
by the recipient will acknowledge the Corps of Engincers, Department of the Army, as the
origin of the program. Al such documentation will swte the name and version of the program
uscd by the recipient.

Aol ity fedes

———d

TL.oondjor




UNCLASSIFIED

TOASSQIECATION OF THIS PAGE

Form Approved
REPORT DOCUMENTATION PAGE IMB NG 3704 O1AR
Yap Date un 3O 1980
T HEROET Sr( RV ASSEICAT ON Tb RESTRCTVE MARK.NGS
Unclassitied
P STY AN CAT QN AL THORITY 3 ODISTRIBLTON AVATAB LY OF 1EPCRY
T TR Approved for public release;
S0 O LLASHEICAT UN DOWNGRADING SCHEDUL . . . . ..
o ’ ' distribution is unlimited.
SORM NG JAGAN AT ON REPORT NUMBER(S) S MONITOR NG ORGANJIAT ON Ry 20" % "y
USACFRL ADP Report N-89/12
Sa AN F PERRORMING ORGAN ZAT ON 6b OFFICE SYMBOL 73 NAME OF VION TR NG TACAN 2L LN
. . N . (1f applicable)
L.5. Army Construction SR
Unor Research faboratory CECER-EN
~oALDAENS ity State and 2P Code) booal Deest Gty Srate and JP Codel .
{ P.O. Box 4005 £
’ Coampaivin, 11 61824=4009
R ERETIVERVE 35 DFF(E SYAVMBOL 3 OPRDCLREMENT ASTRUMEST CENTIFCAT ON S Joe e ;
E (it applicable) '
: CEHSC-VN :
£ 2. aD2R:.5,Cry Stare and 210 Code) 10 SOURCE OF "LND NG NLVISERS {
; PROGRAM RROLECT TASK ! LR
\ . . . .. ELEMENT NO NOY NG v.a>s' N
f o Fort selvoir, VA 22060-5580 N !
; 4A162720 | A896 A 1097
MR ~c nciude secunity C.assification) g
ARMSED, A Runoff and Sediment Yield Model for Arm' Training Land Waterskhe!
Management Volume l: Parameter Estimation Guide., Unclassified
D FERIONAL ALTHORS!
N Rigzins, Robert E.: Ward, Timothv J,: Hodge. Winifred :
{ ‘3 "YWL (JF RES(R 13p TIME COVERED 14 OJATE OF REPQORT | Year Month Day) |'S PACE DUNT
Final seoMm . TO 1989, August 70
BoLL T INENT LAY AOTATON
Copies are available from the National Technical Information Service
Springfield, VA 22161
COSAT: LODES '8 SUBJECT TERMS (Contnue on reverse it necessaty and «dent.fy by bliccs rumber!
B | GROUP ] U8 GROUP ARMSED Sediment yield
08 1 08 L____ Rv ..+ Simulation
l —-
4 oads calT Conmnge or reverse 1t necessary and (der , block nurmoer!

e

ST esh

\RAISE

Are
ditent runoft

croata

Ay Tane managers and envitonmental planners must estimate suno!T andd sediment vickd o sl unen
dv e Any training Linds 1o assess the condition of the fands ind oo evaliote alternatio ¢ crovion contr . poais
e Consuuction b iy Research Laboratory (USACERL) developed the Army Faplo w oo s wvates

ARMSED,

ARNISED a
with 5§20

ovent,

St

KRN

i

EITAIHEG I

Thee repott provides cundanee and documentation for ARMSED use
nve e the pararaeters and valies needed oy daput for the aodel.
I) and e moditncatiens that have been made to arrive

sivsulation medelowhich is hased on the MULTSED model and hav heen adapted for Army

iirtbuteds determuntic simulation madel that operatos on MS-DOS compatis .
AT egaby e hand disk is reconumended.

at the current version.
the taodel will be updated and moditicd o incorporate new data ar

a

1<, This volume contains gutdance for «electing
Volume 1 deseribes the vaious subroutines of

As the user base for ARMSED

1l adeas. '

H

' Y NTRIE TN A LA S Tk oaanTaAr T 2V ARSTRACT SEC 2 "y (oan,y - CATION
T A oy X oaar ay aer [ e - ingies Unclassified
SO NANE s AESPONS s NDY D e S TECE PR NE (Indludge Areg (odel DFFCE S VR
Gloria Wienke (217)352-6511 (X353) CECER-IMT
SO FORM 1473, - -a HEACE ot O may ne ased Lot eehausted > AN, CAT R e ey T ~
Hmmwrmatonant e UNCLASSIFIED




FOREWORD

This research was conducted for the U.S. Army Engineering and Housing Support
Center (USAEHSC) under Project 4A162720A896, "Environmental Quality Technology":
Technical Area A, "Installation Environmental Management"; Work Unit 097,
"Physical/Structural Erosion Control for Training Land Rehabilitation." The USAEHSC
Technical Monitor was Donald Bandel, CEHSC-FN.

The work was accomnlished by tne Environmental Division (EN) of the U.S. Army
Construction Engincering Research Laboratory (USACERL). Dr. Timothy Ward is Pro-

fessor of Civil Engineering at New Mexico State University. Dr. R. K. Jain is Chief o!
EN. The Technicai Editor was (iloria 4. Wienke, information Management Office,

COL Carl O. Magnel is Commander and Director of USACLRL and Dr.
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ARMSED, A RUNOFF AND SEDIMENT YIELD MODEI
FOR ARMY TRAINING LAND WATERSHED MANAGEMENT
VOLUME [: PARAMETER ESTIMATION GUIDE

1 INTRODUCTION

Background

Army land managers and environmental planners must estimate ruroff and sedi-
ment yield from small, ungaged watersheds on Army training lands. These estimatcs are
needed to help assess the condition of the lands and to evaluate alternative erosion corn-
trol plans. Because estimating runoff and sediment yield is a difficult hvdrologic iasw,
mathematical computer models can be an important part of the process. The U.S. Army
Construction Engineering Research Laboratory (USACERL) developed the Armyv mu:tini=
watershed storm water and sediment runoff (ARMSED) simulation model, whicn is based
on the MULTSED model developed at Colorado State University., USACERI. corducted
studies of MULTSED to test the formulation and sensitivity of the model.” ARMSED is
an Army tailored adaptation of MULTSED.

ARMSED is a s'ngle event, distributed, deterministic simulation mode! that oper
ates on MS-DOS compatible microcomputers with 512K RAM. A 10-megabyvte rard disk
is recommended.

Objective

This report provides documentation and guidance to ARMSED users. Volume I is a
guide tor sele~ting and estimating the warious input parameters and values required to
operate the model. The program structure is documented in Volume II.

Approach

The guide is divided into secticas based on the general tvne of input required, such
as geometry, soils, and vegetation. A brief explanation of the type of information is
given. Specific input variables are discussed in more detail, and methods of parameter
selection are presented. As an additional aid to the user, default values for the data are
provided. The guide includes an example of model application.

Because ARMSED is based on physical processes, parameters can be derived from
field measurements. Standard methods for field data collection using a portable rainfali
simulator are presented in the Appendix.

'H. G. Wenzel, Jr. and C. S. Melching, An Evaluation of the MULTSED Simulation Model
to Predict Sediment Yield, Technical Report N-87/27/AD:i85615 (U.S. Army
Construction Engineering Research Laboratzry {USACERL], Septem® .. 1987).




Mode of Technology Transfer

The ARMSED program is avallable on a 5%-in. floppy disk and can be obtained by
contacting Mr. Robert E. Riggins at USACERL-EN, P. O. Box 4005, Champaign, IL
61820-1305. Telephone: commercial 217/373-7234, or toll-free 800/USA-CERL (outside
Illinois), 800/252-7122 (within Illinois). ARMSED will be fielded under the Integrated
Training Area Management Program as part of the Maintenance and Scheduling Support
System. As the user base expands, the model will be updated and modified to incorporate

new data and ideas.




2 MODE' (NPUTS

ARMSED requires data on geometric characteristics, soil characteristics, surface
characteristies, rainfall characteristics, and miscellaneous inputs. The input parameters
and input format are listed in Volume il

(Geometric Characteristics

Because most watersheds are nonhomogeneous in topography, soils, vegetation, and
other features, it is necessary to subdivide each watershed into units that can be troated
as approximately homogeneous. Similarly, the channel system in a watershed can b~ rep
resented by one or more segments, each having a characteristic tocation, shap~, :op2,
and roughness. Table 1 lists the geometric parameters. The location, area. iength, arc
slope of each watershed unit is usually obtained from topographic maps.

For the first submodel in the ARMSED model, MSEDI, the watershed is subcd’+ided
‘1t upiand subwatershed units and plane units. These units fiow into a third type of anit,
the channel unit. which is treated in the third submodel, MSED3. A subwa‘'crshed 5 one
that is situated at the uppermost portion of the drairage basin being modeied. A tarce
driinage nasin may have several subwatersheds, plane units, and channel units. As a min-
imum, there must be one plane representing the area being modeled. A plan« is defined
as a surface that drains into a channel.

Dividing the watershed into units is important for several reasons. lirst, the irea
of the unit determines, in part, the amount of runoff volume. Second, overland flow
length and slope determine the rate at which water reaches channels. Third, the channel
length, slope, and cross-sectional properties determine the rate at which water reaches
the drainage basin outiet.

Watershed Geometryv

The method presented below for subdividing an area is applicable to single sub-
watersheds or drainage basins of more complex geometry.

1. Obtain topographic and other maps of the drainage basin showing the important
drainage features such as channels, channel junctions, soil types, and vegetation distribu-
tion.

2. Subdivide the drainage basin using one of the following criteria:

a. Primary method. The drainage basin may be divided using the channei sys-
tem. This division is often at the user's discretion but should be based on
homogeneity in the channel segment or its contributing side slopes. This
homogeneity may be the channel segment gradient or similar soil types on
the contributing side slopes.

b. Secondary method. The drainage basin may be divided into units that can
be considered homogeneous by using the available topographic, soil type,
and vegetation type maps for the watershed. The size of the division is
based on the resolution needed and the availability of data.




Table 1

Geometric Parameters

Description

ARMSED Unit MSED
Variable Submodel
PLENGTH ft 1
SLOPE decimal 1
fraction
LENGTH 1
or
SLEN ft 3
SLOPE decimal 1
or fraction
SLOP 3
Al 1
B1 -- 1
A2 == 1’3
B2 - 1,3
10

Length of overland
flow planes tribu-
tary to channelis

Slope of overland
flow planes trib-
utary to channels

Channel length

Channel slope

Coefficient in
channel wetted
perimeter-flow
area relationship

Exponent in channel
wetted perimeter-
flow area relationship

Coefficient in
channel top width-
flow area relation-
ship

Exponent in channel
top width-flow area
relationship




3. For each subwatershed, delineaie the main charnel in the unit. Extend the
channel to the basin boundary by following the Vs of the contour lines or by crossing the
contour lines perpendicularly. The extension must perpendicularly cross the contour ele-
vations to ensure that the water is following the shortest path to the channel. Generally,
a subwatershed should be smaller than 100 acres*. Watersheds larger than 100 acres
should be subdivided into smaller units if possible.

4. Measure the length of the channel segment (PLENGTH).

5. Sketch in the boundaries between side slopes that contribute to different chan-
nel segments. The enclosed contributing areas are defined as the planes. Each channel
has a left and right plane when looking downstream,

6. After all units of the basin are delineated, number the subwatersneds, ~harne.x.
and planes. Although the numbers of the plane and channel units do not have to be n any
particular order, it is strongly suggested that the units be numbered as follows:

a. Start subwatershed numbering using 1 for the first subwatershed ercour-
tered when moving counter-clockwise around the basin perimeter. Sub-
watersheds not located on the basin perimeter should aiso be numbered i1 a
counter-clockwise pattern.

b. Start channel numbering at the most upstream channel. Number dowa the
channel until the first tributary junction. If the junction is with a chanrel
unit and not a subwatershed unit, then go to the most upstream unit of that
channel and resume numbering in the downstream direction.

c. Start plane numbering with the first plane being the one contributing to
channel i from the left hand side of the channel (when you are looking
downstream). Examples of the numbering scheme are presented in

Chapter 3.

7. Determine the slope of the channel (SLOPE) as the ratio of elevation difference
at the channel end points to the channel length.

8. Determine the areas of the left and right contributing planes, using the channel
as the dividing line.

9. Determine the overland flow length (PLENGTH) of each plane as the area of the
plane divided by the channel length as determined in Step 4.

10. Locate approximately 5 to 20 sampling points. It is recommended that each
r-int coir~ide with a contour line, when possible. At each sampling point, sketch out
pling lines from the channel to the subwatershed or plane unit boundary. Sampling
125 are drawn perpendicular to contour lines and show the potential routes water would
.siiow when flowing across the plane.

11. Sum the lengths of all the sampling lines on the plane. Similarly sum all the
changes in elevations along the lines by adding all the starting elevations of the sampling
lines, adding all the ending elevations, then subtracting the sum of the starting elevations
from the sum of the cnding elevations.

*Metric conversion tabie is on page 49.
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12. Determine the average slope (SLOPE) using the following:

_ Ht
ST o [Eq 1]
where S = the average overland slope
Ht = the difference between the sums of the beginning and ending elevations
Lt = the sum of all the sampling line lengths.

The following example shows how to use this procedure based on Figure 1.
Example 1: Determining zreas, flow lengths, and slopes.

Area = 4.01 acres

Length of channel to watershed boundary = 632 ft

Change in channel elevation = 50 ft

Channel slope = 50/632 = 0.112

Total Changes in
Length of Sample
Sample Line
Side Area Plane width Lines Elevations Slope
(acres) (ft) (ft) (ft)
Left 2.64 182.6 1387.0 125.0 0.090
Right 1.37 95.1 677.1 80.5 0.119

Channel Geometry

Another geometric measure of the watershed is the cross-sectional relationships of
the stream channel. These relationships are used in the water and sediment routing
models and relate the wetted perimeter to water flow area and top width to water flow
area. The first relationship indicates the amount of land surface coming in contact with
the flow and is thus used to determine flow resistance. The second relationship is used to
determine other flow properties. In general, the procedure requires measurements on
one or more cross sections in a channel and development of equations of the following

form:

bl b2

p=al A and T = a2 A [Eq 2]
where p = the wetted perimeter
T = top width
A = flow area

al, a2, bl, and b2 = empirically determined parameters.

12




ARTIFICIAL CHANNEL EXTENSION

SAMPLING LINES

SCALE
100 FEET

SONTOUR INTERVAL = 5 FEET

SAMPLING LINES

"~ CONTOUR LINE

'MAIN CHANNEL ~~

Figure 1. Example watershed for geometric data.
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In small watersheds where swales provide channels for water flow, the a and b
parameters can be estimated from the contributing side slope geometry. If the contri-
buting side slopes (planes) have inclinations of 1/Z1 and 1/Z2, respectively, then the al
coefficient becomes:

_ 2 ' 2y % 2y '
al = <m> [(14'21 ) + (L +227) ] {Eq 3]
where Z1 = the horizontal distance needed to move 1 foot vertically on contributing
slope 1
Z2 = the value for contributing slope 2.

For swale or triangular channel flow, ine value of bl is always 0.5. The parameters
a2 and b2 are found in a similar fashicn where

L,
a2 = [2 (21 + 22)}" {Eq 4]

aad b2 is always 0.5 for a swale or triangular chanrel.

Similar relationships for other channel shapes can be developed from geometric
properties. For many channels, the b coefficients range between 0.4 and 0.6. Wide chan-
nels, such as big rivers or wide arroyos, often have b values of less than 0.3.

Example 2: Determining a and b parameters for a swale channel cross section.

Using the values from Example 1,

Slope 1 = 0.090 Z1 = 1/slope 1 = 11.1
Slope 2 = 0.119 Z2 = 1/slope 2 = 8.4
pel—2 e ] s |1 84D
a: TI11.1 + 8.4 y .

= (0.32) (19.60) = 6.27
bl = 0.5

1

a2 = (2[11.1+8.4))% =6.24
b2 = 0.5

Example 3: Determining a and b parameters if the channel cross section is not a
swale.

Figure 2a shows an actual channel cross section subdivided by depth zones. The
flow area and wetted perimeter for the channel in Figure 2a are listed in Table 2.

Figure 2b shows the best-fit lires for the cross-sectional properties. The para-
meters are:

al = 6.38 bl = 0.49

a2 =5.09 b2 = 0.43

14
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Figure 2. Cross-sectional properties of a channel site at Pinyon Canyon, Colorado.
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Table 2

Channel Data for Figure 2a

Depth Wetted Perimeter Top Width Flow Area
(ft) (ft) (tt) (sq ft)
0.05 8.05 6.18 1.56
1.5 23.68 16.95 14.46
2.5 35.14 22.13 34.22
3.5 46.57 21.87 59.18
4.5 62.15 39.17 91.30

Note that the best-fit lines in Figure 2b are based on log-lcg data transforma-
tions. When measurements of channel cross sections are not available, it is recom-
mended that the parameters be estimated from the contributing side slopes as presented
in Example 2. This estimation procedure may create errors in the model computations if
the channels are wide or extreriely steep and narrow.

Soil Characteristics

There are two general tyr: : of information related to soils: hydrologice/infiltration
properties and erosion/sediment caaracteristics. Field studies and soil samples are the
best way to determine the necessary information. However, extensive data collected
during the past several years can be used to estimate much of this information. Table 3
shows the soil parameters.

The user needs to obtain the soil classification textures for soils within the water-
shed. This data is used often when determining values for input parameters.

Infiltration Properties

Certain hydrologic properties of the soil must be obtained to properly model the in-
filtration process using the Green-Ampt model. As a minimum, soil textural classifica-
tions are required. Parameters in the infiltration model include: the hydraulic conduc-
tivity in the wetted zone (Kw), the porosity (n), the final (Sw) and initial (Si) soil satura-
tion (ratio of volume of water in a sample to volume of void space), and the average cap-
illary suction head (Ye).

For simplicity, use the fixed values n = 0.5 and Sw = 1.0. Better estimates of n can
be made, but the improvement in model accuracy is not usually marked.

16




Table 3

Soil Parameters

MSED

ARMSED
Variable Submodel Description
WETK (in./hr) 1,3 Hydraulic
conductivity, Kw
SAVE or 1,3 Capillary
SUC (in.) suction, Ye
POROS 1,3 Soil porosity, n
SwW 1 Final soil
saturation, Sw
N 1 Initial soil

saturation, Si

Si ean be roughly estimated from antecedent rainfall conditions, temperature data,
and a knowledge of the soil. Because the Si value is used for calibration in conjunction
with the Yc value, only an intuitive realistic initial estimate of Si is needed. Such esti-
mates or ranges of values can be made from field capacity and wilting point values. For
wet conditions, Si is 0.8 and greater; for very dry conditions, Si is about 0.15; and for
average conditions, Si is about 0.5.

The following relationship can be used to find Si if water content data are avail-
able. The gravimetric water conient relationship is defined as:

(S)(e) = (Ww)G) [Eq 5]
where § = saturation
e = n/(1-n)
w = gravimetric water content ,
G = the specific gravity of the soil particles (G = 2.65 is suggested)

Kw and Yc are the remaining infiltration parameters to be determined. The Green-
Ampt infiltration model can be rewritten as:

f = Kw (F + He) ; He) [Eq 6]

where f = infiltration rate
Kw= hydraulic conductivity in the wetted zone
F infiltrated volume (an equivalent depth)
He = a grouping of soil parameters, [(Sw-Si)n(Yc)].

17




Kw represents the infiltration rate when the soil nears saturation. Model calibra-
tion experience has shown that Kw is a more important parameter than Yec. Therefore,
the other parameters that constitute He can He estimated, if needed. Methods for deter-
mining Kw and Yc are described in the next two sections.

Infiltration Parameters From Field Data

Except for soils that have been analyzed, field data for values of Kw and Ye¢ are
not available. In general, soils are anisotropic (exhibit different properties along differ-
ent axes of measurement) and heterogeneous in their physical properties of conductivity,
porosity, and capillary pressures, which may vary by significant amounts over very short
distances. Therefore, a mathematical analysis based on data from only one or two exten-
sively studied samples may not be meaningful. Accurate watershed simulation requires
calibration of the parameters to compensate for neglected processes and inadequacies in
theory. The parameters of the infiltration model, particularly Kw, require such calibra-
tion; therefore, good initial estimates of Kw and Ye are needed. Recommended methods
for conducting field infiltration tests using rainfall simulation experiments are presented

in the Appendix.

Example 4: Determining infiltration parameters from rainfall simulation experi-
ments using the standard approach (see Figures 3 and 4).

If rainfall simulator data are available, the following standard approach can be used
to obtain estimates of Kw and Ye.

1. Plot the infiltration rate and infiltrated volume as a function of time. The infil-
tration rate is the measured rainfall rate minus the measured runoff rate (inch per
hour). Figure 3 shows an example of plotted infiltrometer data from Pinyon Canyon
(Fort Carson training area), Colorado.
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Figure 3. Infiltration rates and volumes for soil MP-D7.
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Figure 4. Plot for determining Kw and He for soil MP-D7T.

2. Plot the infiltration rate versus the reciprocal of the infiltrated volume using
the curves plotted in Step 1. Figure 4 shows the result of plotting this type of curve
from the data given in Figure 3.

3. The curve of infiltration rate as a function of the reciprocal of infiltrated vol-
ume is nearly a straight line, at least to the extent that the Green-Ampt equation repre-
sents the actual soil process. If a straight line is fitted to this data (excluding the first
point and the last point as they include errors related to rainfall simulator operation and
the noninfiltration effects), the y-intercept is Kw and the slope is (Kw)(He). Thus esti-
mates of Kw and Yc can be obtained by measuring the slope and intercept of the line fit
to the data.

For this soil, w = 0.241 and n = 0.617. Using Equation 5, Si can be determined as
0.396. Kw is determined (as 0.663 in./hr) from the y-intercept in Figure 4. He (0.962) is
determined using the slope. Then, using the relationship He = (Sw - Si)n(Yc), where Sw =
1.0, Yec is determined to be 2.58 in.

Sometimes the best-fit line has a negative intercept which does not have a physical
interpretation. Therefore, the steady rate approach is suggested as:

1. Plot and examine tue data using the siandard approach described above and
shown in Figure 5.
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Figure 5. Infiltration rates and volumes for soil MP-D7.

2. Use an average infiltration rate calculated from the last three steady rate val-
ues. This average value is assumed to be Kw.

3. Calculate a revised set of data pairs as y = (f - Kw)/Kw and x = 1/F. Note that
the first data point is not used since it represents an amount of water that has been infil-
trated and intercepted. The last data point has also been excluded from the figures and
the analysis because it represents water that was on the soil surface and ran off after the

rainfall stopped.

4. Fit a no-intercept straight line to the revised data [a no-intercept line passes
through the data point (0,0)). The slope of this line is (Kw){(Hc) as shown in Figure 6.

Both approaches are suggested as methods of obtaining the necessary soil hydro-
logic characteristics. It is obvious that the data plotted in Figure 6, aithough better
described by the standard apprcach, produces more physically realistic values when the
steady rate approach is used. The standard approach should be used first, then if the
intercept Kw is negative, the steady rate approach should be used.
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Figure 6. Plot for determining Kw and He for soil MP-W4.

Infiltration Property Estimates from Soil Texture

If field data are not available, reasonable first estimates can be tz2ken from
Table 4. This table requires that the user has an estimate of soil type (i.e., texture). Scil
type information could be obtained from the U.S. Department of Agriculture (USDA) Soil
Conservation Service, the Soils Information Retrieval System (SIRS)? or soil
classifications based on field samples and laboratory analysis.

Surface conditions can change infiltration rates. There is a general tendency of in-
creased infiltration rate with increased vegetative cover. This effect is probably a result
of the vegetation creating longer flow detention and, hence, longer infiltration opportun-
ity times. There is no equation available to include surface effects on infiltration.

‘Pamela J. Thompson, et al.,, An Interactive Soils Information System User's Manual,
Technical Report N-87/18/ADA185153 USACERL, July 1987).
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Table 4

Hydrologic Soil Characteristics Related to Soil Type*

Hydraulic

Porosity Conductivity Capillary Soil
Soil Type (Fraction) Kw (in./hr) Suction, Ye, (in.)
Sand 0.44 6.61 1.9
Loamy Sand 0.44 2.00 2.4
Sandy Loam 0.45 0.74 4.3
Loam 0.46 0.48 3.5
Silty Loam 0.50 0.40 6.6
Sandy Clay Loam 0.40 0.63 8.8
Clay Loam 0.46 6.35 8.2
Silty Clay Loam 0.47 0.29 10.7
Sandy Clay 0.43 1.02 9.4
Silty Clay 0.48 0.19 11.5
Clay 0.48 0.14 12.4

*Derived from W. J. Rawls, D. L. Brakensiek, and N. Miller, "Green-Ampt Infiltration

Parameters From Soils Data," Journal of Hydraulic Engineering, Vol 109, No. 1 (ASCE,
January 1983), pp 62-70; and B. J. Cosby, et al.,, "A Statistical Exploration of the
Relationships of Soil Moisture Characteristics to the Physical Properties of Soils,"
Water Resources Research, Vol 20, No. 3 (June 1984), pp 682-690.

Erosion/Sediment Parameters

If sediment yield and sediment routing are to be modeled, soil data that describe
the properties of the sediment are required. These properties are described using (1) sed-
iment size analysis, (2) sediment detachment coefficients, (3) plasticity index, and
(4) erosion rate constant for cohesive soils. Sediment transport parameters are fixed as
constants in the ARMSED program. As a minimum, soil textural classifications are
needed to estimate the parameters for the model. Table 5 shows the erosion/sediment
parameters.
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Table 5

Input Data for Erosion/Sediment Parameters

ARMSED MSED
Variable Unit Submodel Desecription
D mm 1,3 Sediment size
P or PF decimal 1,3 Fraction of
fraction sediment finer
than or equal to
size D
DCOEFY - 1 Rainfail splasi
detachment
coefficient
DOF - 1 Overland flow
detachment
coefficient
CHDOF -- 1,3 Channel flow
or detachment
ADF coefficient
COHM Ib/sq ft/sec 1,3 Erosion ratie
censtant
(use 0.00612)
PLASI - 1 Soil piasticity

index

Sediment Size Data

Sediment size input data consists of sediment size, D (in millimeters), and the dec-
imal fraction, P, of the sediment that is finer than or equal to size D. Sediment size
data should include onsite size distributions and transported material distributions. Stock
ponds or other locations where sediments have been deposited are good locations from
which to obtain transported material samples. Use of both distributions helps during
model calibration to confirm that the model is transporting the correct size fractions
from the correct sediment supply. Size distributions are obtained from sieve analyses of
duplicate samples. Soil descriptions for common size distributions are given in Table 6.
A particle size distribution for the in situ soil is needed to determine the resultant sedi-
ment transport.

If field samples cannot be obtained, an estimate of the D50 (grain size at which 50
percent of the material is finer by weight) sedimcnt size (median grain size) can be
used. Some information may be available from USDA Soil Conservation Service Reports,
SIRS, or State soil surveys. Textural classification is one method to estimate a D50

23




Table 6

Soil Descriptions For Common Sediment Size Breakdowns

Class Size (mm)

Very coarse sand 2-1* 2-1%*
Coarse Sand 1-.5 1-.5
Medium Sand .9-.25 .5-.25
Fine sand .25-.125 .25-.10
Very fine sand .125-.062 .10-.05
Coarse silt .062-.031 .05
Medium silt .031-.016 -
Fine siit .016-.008 to
Very fine silt .008-.004 002
Coarse clay .004-.002 less than
Medium clay .002-.001 002
Fine clay .001-.0005 -
Very fine clay .0005-.00024 -

*Engineering Hydraulics, H. Rouse Ed. (Wiley and Sons, 1951).
**Typical SCS sediment sizes.

sediment size or size distribution. This requires use of a clay-silt-sand chart (Figure 7).
After starting with a textural class name, a point is selected in a central part of the
class name polygon. Corresponding percent sand, percent silt, and percent clay values
are used to plot a gradation curve. The percents are plotted as 100 percent finer than 2
mm (coarse sand), silt percent plus clay percent finer than 0.05 mm (silt), and clay per-
cent finer than 0.002 mm (clay). The gradation curve consists of three points (sand, silt,
and clay) and can be described for mathematical purposes by D50 or, preferably, by the
individual size fractions. If a soil is classified as a clay loam, it may be (from Figure 7
or Table 7), 32 perceni sand and 34 percent clay which indicates 34 percent silt. A rea-
sonable lower size limit is 0.00024 mm.
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Figure 7. Soil textural classification graph for estimating size fractions.

Once a size distribution has been chosen, the distribution is subdivided into repre-
sentative size fractions, if desired. The procedure for doing this is described in Chapter
3. Sand-silt-clay percentages from Table 7 are weighted then plotted on logarithmic
grain size-arithmetic probability paper. A rough estimate of transport using the D50 size
is possible, but because the models are formulated for different size fractions, more in-
formation is gained if several size fractions are used. A maximum of 10 sizes is allowed

in ARMSED.

Although this is a rather crude approach, it does allow you to develop useful model
inputs from sparse data. Actual sieve samples of the transported materials would pro-
vide a check of the model and the assumed input distribution by determining if the trans-
ported material is equal to or finer than the onsite material.
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Table 7

Midpoint Percentages for Soil Types*

Percent of
Soil Type Sand Silt - 'C;;;r
Sand 91 5 4
Loamy Sand 81 13 6
Sandy Loam 66 25 9
l.Loam 56 34 19
Silty Loam 10 81 9
Sandy Clay Loam 65 12 23
Clay Loam 36 38 26
Silty Clay Loam 10 64 26
Sandy Clay 54 8 38
Silty Clay 7 52 41
Clay 21 20 59

*Modified from B. J. Cosby, et al., "A Statistical Exploration of the Relationships of Soil
Moisture Characteristics to the Physical Properties of Soils," Water Resources Re-
search, Vol 20, No. 3 (June 1984), pp 682-690.

Sediment Detachment Coefficients

Sediment is detached by raindrop impact and the energy of flowing water. Soil de-
tachment coefficients for raindrop splash (DCOEFF), overland flow (DOF) and channel
flow (CHDOF) runoff are used to determine sediment supply. A raindrop splash exponent
is also needed. These coefficients are initially estimated but are often subsequently cal-
ibrated. The rainfall splash detachment coefficient is a function of soil type, soil strue-
ture, moisture conditions, and cohesion. There is not enough information to determine
the relationship between the splash coefficient and other soil characteristics, therefore,
use a fixed value of 0.001. Use a fixed value of 2.0 for the raindrop splash exponent.
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The overland flow detachment coefficient can be estimated from the equation:

where: DOF = the overland flow detachment coefficient
Pe = clay percentage.’

If Pc is less than 5 percent, then DOF equals 1.0; if Pc is greater than 60 percent,
DOF equals 0.001. The channel flow detachment coefficient can be fixed to the same
value as the overland flow detachment coefficient unless otherwise determined by

measured or calibrated data.

Plasticity Index

The plasticity index is the difference between the liquid limit and the plastic limit
of a soil.

Pl =LL - PL (g 8]

where Pl the plasticity index
LL = the liquid limit
PL = the plastie limit.

The liquid limit and plastic limits are defined as the water content at which the soil
behaves differently as determined by Atterberg limit tests. For example, montmorillo-
nite clays may have plastic indices of 100 to 600 percent while kaolinite clay may have
indices of only 10 to 25 percent. Obviously, the plasticity index is a function of the clay

mineralogy.

Equation 8 is valid for plasticity indices less than about 50 percent. [t is an approx-
imation derived from empirical studies and may reed to be adjusted according to field

data.

Smerdon and Beasley" also related PI to Pc. An approximate estimate of PI can be
found from:

log (PI) = 0.5729 + 0.0218 Pe (Eq 9]

Erosion Rate Constant for Cohesive Soils

A final erosion parameter is the erosion rate constant for cohesive soils (COHM).
This parameter is also difficult to estimate and a value of 0.00012 is recommended.

3G. K. Cotton and R. M. Li, "Siinplified Sediment Yield Model for Small Area
Disturbances on Surface-mined Lands," Proceedings of the International Conference on
Soil Erosion and Conservation (January 16-22, 1983).

*E. T. Smerdon and R. P. Beasley, "Critical Tractive Forces in Cohesive Soils,"
Agricultural Engineering (January 1961), pp 26-29.
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Erosion Parameter Estimates from Soil Towers

If no better data are available, use Table 8 to determine erosion parameters. The
values in the table were computed following the procedures described above. The Uni-
versal Soil Loss Equation (USLE) K Factor is used later to determine the flow resistance.

Surface Characteristies

Surface conditions determine how the water runs off the land. Bare, smooth sur-
faces let water run off faster, which increases erosion. Conversely, rough, rocky and/or
vegetated surfaces retard water flow and help prevent erosion. Surface conditions affect
both overland flow and channe! flow. Ground and canopy cover density determine rain-
fall interception volumes. Ground cover density is also used to compute overland flow
resistance. Table 9 shows parameters for surface characteristies.

Cover Density

Cover density (CANCOV and GRNCOV) data can be acquired by onsite inspection
or by use of aerial photography. Figure 8 can help in the determination. If aeria! photo-
graphy is used, some onsite inspection is also needed for ground truth. Canopy cover in-
terception storage (VC) and ground cover interception storage (VG) values are more diffi-
cult to determine. It is necessary to specify vegetation types and distribution by use of a
vegetation map so that realistic interception volumes can be computed. The tremendous
range in the reported values makes it difficult to select an appropriate number. Typical
values for conifers average 0.1 in. and ground cover interception is estimated at
approximately 0.05 to 0.1 in. Use values of 0.1 in. if no better estimates are available.

Estimates of impervious area (PIMP) and area in depression storage (DPRES) are

also required. These can be estimated by using Figure 8. Use zero for both values if no
other information is available.

Table 8

Parameter Fstimates Based on Soil Type

Texture K PI DOF
Sand 6.13 4 1.00
Loamy Sand 0.15 5 0.84
Sandy Loam 0.24 6 0.60
Loam 0.44 6 0.58
Silty L.oam 0.59 6 0.58
Sandy Clay Loam 0.13 12 0.10
Clay Loam 0.17 14 0.023
Silty Clay Loam 0.38 14 0.080
Sandy Clay 0.10 25 0.017
Silty Clay 0.27 30 0.012
Clay 0.15 72 0.001
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ARMSED

Variable

CANCOV

GRNCOV

VG

PIMP

DPRES

XN

ADW

Table 9

Parameters for Surface Characteristics

Unit

percent

percent

percent

decimal
fraction

MSED
Submodel

1,3

29

Description

Percent of

area covered by
vegetative or
other canopy

Percent of

area covered by
vegetative or
other ground
cover

Potential depth
of rainfall
storage on the
canopy cover

Potential depth
of rainfall
storage on the
ground cover

Percent of
area with
impervious
cover

Fraction of
plane that does
not contribute
to flow

Manning's roughness
coefficient for
channels

Maximum roughness
coefficient for
overland flow
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Flow Resistance

Two types of flow resistance are used in ARMSED; overland and channel. Overland
flow resistance is considered in ARMSED through use of a lower and an upper value. The
lower value is fixed in the model at 100. Suggested values for the upper overall resist-
ance factor (ADW) are given in Table 10.

ADW can be estimated using the K factor from the USLE.
aDW = 42208 073 (Eq 10]

If K is greater than 0.6, use K = 0.6; if K is less than 0.07, use K = 0.07. The K factor
can be estimated from the nomograph in Figure 9. The permeability classes for this
nomograph are defined in Table 11.

Channel surfaces also offer resistance to water flow. Resistance to channel flow
as indicated by Manning's roughness coefficient (n) can vary from about 0.02 for smooth
channels, such as flat-bedded arroyos, up to 0.10 for very weedy, brushy channels. If the
channel contains short grass or rocks, a value of 0.035 is suggested. The higher the value
of n, the slower the water flows and the less erosion occurs. Typical values for n are
given in Table 12.

| Table 10

Overall Resistance Parameters for Overland Flow*

Surface Rangla of Parameter
Concrete or Asphalt 24 - 108

Bare Sand 30 - 120
Graveled Surface 90 - 400

Bare Clay - Loam Soil (eroded) 100 - 500
Sparse Vegetation 1000 - 4000
Short Grass Prairie 3000 - 10000
Bluegrass Sod 7000 - 40000

*Source: D. A. Woolhiser, "Simulation of Unsteady Overland Flow," Unsteady Flow in
Open Channels, Eds. K. Mahmood and V. Yevjevich (Water Resources Publications,
1975).
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Figure 9. Guide for estimating bare soil, canopy, or other surface cover.

Table 11

Representative Soil Types and Hydraulic Conductivities

Representative

Soil Type

Sandy Clay

Silty Clay

Clay

Sandy Clay Loam
Silty Clay Loam
Clay Loam
Loam, Silty Loam
Loamy Sand

Sand
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Permeability

Very Slow
Very Slow
Very Slow
Slow
Slow
Slow
Slow to moderate
Moderate to rapid
Rapid




Table 12

Values of the Roughness Coefficient, n

Channel Type and Description

NATURAL STREAMS

1.  Minor streams (top width at
flood stage < 100 ft)

a. Stream on plain

(1)
(2)
(3)
4)
(5)
(6)
(7)
(8)

stones and weeds
and shoals

weeds and shoals

sections

deep pools

underbrush

b. Mountain streams, no vegetation
in channel, banks usually steep,
trees and brush along banks
submerged at high stages

(1)
(2)

boulders

2. Major streams (top width at flood
stage > 100 ft) The n value is less
than that for minor streams of similar
description because banks offer less
effective resistance.

a. Regular section with no
boulders or brush

Minimum n Normal n Maximum n

Clean, straight, full stage,
no rifs or deep pools 0.025 0.030 0.033
Same as above, but more

0.030 0.035 0.040
Clean, winding, some pools

0.033 0.040 0.045
Same as above, but some

0.035 0.045 0.050
Same as above, lower stages,
more ineffective slopes and .

0.040 0.048 0.055
Same as 4, but more stones 0.045 0.050 0.060
Sluggish reaches, weedy,

0.050 0.070 0.080
Very weedy reaches, deep
pools, or floodways with
heavy stand of timber and

0.075 0.100 0.150
Bottom: gravels, cobbles
and a few boulders 0.030 0.040 0.050
Bottom: cobbles with large

0.040 0.050 0.070

0.025  ---—- 0.060

0.035 - 0.100

b. Irregular and rough section
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Rainfall Characteristics

The rainfall parameters are shown in Table 13. The NRAIN value must be equal to
or greater than one. A minimum value of four is suggested even for constant intensity to
avoid computational problems in the infiltration routine. Storms with variable intensi-
ties will require more increments. The ending times are fixed by the data set or the way

the rainfall record is developed.

There are two approaches to developing intensity data; use measured events or
generate a design storm. Measured events are helpful in calibrating the model if runoff
data are also available. Unfortunately, measured rainfall and runoff data are not always

available.

Design storms, on the other hand, are more useful in planning because they repro-
sent extreme conditions with which different tand management practices can be com-
pared. The frequency of occurrence, duration of the storm, and storm depth depend on
the climatic and physiographic setting of the watershed. Frequency-duration-depth in-
formation has been analyze ! by the National Weather Service (NWS) and presented as
maps and equations for the United States.® The frequency of rainfall is an estimate of
how often, on average, a particular intensity would oecur. Therefore a 100-year storm
oceurs, on average, everv 100 years; it has a 1 percent chance of occurring in any one
year. The storm duration is usually selected as 30, 60, 120, 240, etc., minutes. As dis-
cussed earlier, rainfal! duration, like runof{ duration, should exceed the time it takes
water to travel from the most remote point on a watershed to the outlet. If frequency
and duration are selected, a given depth is unique to that combination because of a
deterministic relationship between the three quantities.

Table 13

Input Data for Rainfall Characteristics

ARMSED Unit MSED Description

Variable Submodel

NRAIN -- 1 Number of rainfall
increments.

RAINOLD in./hr I Rainfall intensity
or rate during an
inecrement.

RAINT min 1 Ending time of an
increment.

°D. M. Hershfield, Rainfall Frequency Atlas of the United States for Duration From 30

Minutes to 24 Hours and Return Periods From 1 to 100 Years, Technical Report No. 40
(U.S. Weather Bureau, 1961); Precipitation-Frequency Atlas of the Western United
States: Volume I[V-New Mexico (National Oceanic and Atmospheric Administration
[NOAA], 1973).
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The work by Wenzel and Melching” with ARMSED and design raintail indicated that
management deeisions would be the same if a constant rate rainfall were used instead of
A more realistio temporal distribution. They caution, however, that an event that is dis
tributed in time in a more realistic manner can provide better estimates of the water and
sediment yields. Their study also indicated for the two watersheds that they studied, a
storm of 30 minutes duration provided a good balance between the effects of a too short
storm and a too long storm. This may not be the case for all watersheds, but it can pro-
vide a starting point from which to consider a variety of rainfall durations.

If the user wants to subdivide a storm of a selected duration and depth into inecre-
ments, the following approaches are suggested.

1. Use a constant rainfall rate as
[ =V/7T iEg il

where | = rainfall intensity (in./hr}
V = tota: rainfall depth (in.)
T = rainfall duration (hours).

A minimum of four increments is suggested.

2. Use a variable rainfall rate as

o= (/) (i - e 10938) (e - wio1) [Eq 12]
where (i = intensi'y in inerement period i (in./hr)
T*i = Ti/T, a dimensionless ending time [Ti is the actual ending time of the in-

crement (in hours)].
The second approach is based on an analysis of measured data.
Example 3: Design storm temporal resolution.
Rainfall depth = 2 in.
Rainfall duration = 1 hour
Rainfall frequency = 100 years
Approach 1:
[=2/1=2in./hr constant rate

Use four 15-minute increments as suggested with ending times of 15, 30, 45, and
60 minutes

"Wenzel, H. G., Jr. and C. S. Melching, An Evaluation of the MULTSED Simulation Model
to Predict Sediment Yield, Technical Report N-87/27/ADA185615 (USACERL,
September 1987).
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Approach 2:

Increment Ending time (min) T* Ii (in./hr)
1 15 o2 368
2 30 0.50 1.75
3 45 0.75 1.38
4 60 1.00 1.19

Two decimal places are sufficient to deseribe the rainfall intensity. Experience indicates
that no single intensity should exceed about 10 in./hr. If any one does, it should be set to
10 in./hr and the others rescaled to yield a total rainfall as selected.

Miscellaneous Inputs

Miscellaneous inputs include geometry indices, reservoir characteristics, rainfall
values, and sediment transport parameters as shown in Table 14.

IPLANE and ITYPE are identifiers t...t specify the type of unit or segment the pro-
gram is processing. In MSEDI1, a value of IPLANE =1 is a plane unit, whereas [PLANE =
2 is a subwatershed unit. In MSED3, ITYPE = 1 is for a channel segment and ITYPE = 2 is
for a reservoir segment. TITLE is the identification of the simulation that will be

printed on the output file.

DTIM and FTIM are the incremental and total simulation times, respectively, in
minutes. DTIM is usually chosen to provide a fine enough resolution to note major
changes in the hydrograph while avoiding excessive computation. For very small areas,
up to 10 acres, a DTIM of 1 minute is appropriate. For larger areas, DTIM values of 5 to
10 minutes are reasonable. In any case DTIM should not exceed the time it would take
water to move from the farthest point in an area to the cutlet. The times suggested
above should be within that limit in most cases.

FTIM, the total time of duration for the hydrograph, depends on the rainfall dura-
tion. Usually, 30 to 60 minutes beyond the rainfall duration will be sufficient. It should
be noted that too much additional time will cause the program to stop when no more
water is present. If the program does abnormally stop, FTIM should be reduced and the
program rerun. In addition, DTIM should be an even fraction of FTIM and the values used
in MSED1 should be the same as in MSED3.

The geometry inventory numbers of NPL, NWS, NCON, NRES, and NCH indicate
how many planes, subwatersheds, connections to other basins, reservoirs, and channels,
respectively, are to be processed. The NCON value is used to access water and sediment
outflow files for channels that have previously been run through MSED3. The use of con-
nections is not recommended unless specifically needed for extremely large watersheds.

The segment identifier, ISEG, is most useful in keeping track of the order of com-
putational sequence. The ISEG number need not match the number of the plane or of the
subwatershed, but the planes and subwatersheds should be computed in the order by
which they contribute to the flow. Similarly, the channel segments should be identified
by the order in which they logically occur.
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Table 14

Miscellaneous Parameters

ARMSED Unit
Variable

MSED
Submodel

Description

—

IPLANE --
ITYPE 3

TITLE -- 1,3

DTIM min 1,3

FTIM min 1,3

NPL -- 1,3

NWS 1,3

ISEG -~ 1,3

[PRINT -- 1

NRES - 3
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Determines the
type of unit
being processed

In MSED]1,

1 = plane unit,

2 = subwatershed
unit

In MSED3,
1 = channel,
2 = reservoir

Tit!2 of simulation

Time increment of
simulation. Must be
the same in both MSED
submodels

Total duration of
simulation

Number of plane units
in the drainage basin
Must be the same in
both MSED submodels

Number of subwatersheds
in the drainage basin
Must be the same in

both MSED submodels

Segment (unit) number
in sequential order
l, 2, 3 LRy

1 = results printed
-1 = results not
printed

Number of small
reservoirs (stock
tanks) in the basin
(seldom used)




ARMSED
Variable

NCH

IWS

IPL

ICON

[UP

VCAP

VITL

SAREA

POROS

QCON

GBOCON

Table 14 (Cont'd)

Unit

degrees
Fahrenheit

acre-feet

acre-feet

acres

decimal
fraction

cfs
(cubic
ft/sec

cfs

MSED

Submodel
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Description

Number of channel
units

Identification number
of all subwatersheds
flowing into a channel
(3 maximum)

identification number
of ail planes flowing
into a channel

(2 maximum)

Identification number
of the inflows from
other basins

Identification number
of upstream inflows to
a channel - can be
either reservoirs or
other channels

(3 maximum)

Soil temperature

Storage capacity of
small reservonirs

Initial storage (if
any) in small
reservoir

Maximum surface area of
small reservoir

Porosity of sediment
deposited in small
reservoir (use 0.51)

Discharge from connect-

ing unit (seldom used)

Solid cfs from connect-
ing unit (seldom used)




The MSED3 subprogram combines subwatershed and plane hydrographs to create
channel hydrographs. The indexes of IWS, IPL, and [UP are used to identify which sub-
watersheds, planes, and upstream channels contribute to the channel segment being
analyzed.

An important point to note is that MSED3J3 reads files that were created by MSEDI
in the computational sequence specified by the user. The logic in MSEDJ3 assumes that
the first subwatershed is computed before the second subwatershed and the second
before the third. Similarly, plane 1 should be computed before plane 2. The planes and
subwatersheds can be intermingled, but eacl group should b¢ in order. If a c¢hannel
segment has upstream tributary channels, those channels must be computad before the
channel in question. If not, the program cannot find a data set for the upstream {lows,

Soil temperature, T, is used to adjust water viscosity for use in infiitration and sed-
iment transport equations. Use monthly average air temperature for your aren (degroos
Fahrenheit) if no other value is known.

The reservoir characteristics of VCAP, VITL, SAREA, and POROS 4are used ir the
reservoir subroutine to move water and sediment through a small reservoir. The reser-
voir portion of MSED3 is simplistic but it is not well documented or tested with applica-
tions.
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3 APPLICATION OF THE GUIDE

This section presents an application of the ARMSED model on a 40.5 acre rangeland
watershed west of Albuquerque, New Mexico. This watershed has previously been
modeled by Sabol and Ward. It was chosen because of its small size and relatively good
data base. The watershed will be analyzed using the techniques presented in this guicde
for both a design storm and a measured storm. The results are then compared with pre-
vious analyses using field data for the measured storm.

Design Storm Simulation Using Estimateu Parameters

The watershed has been analyzed by Ward and Bolin.? In the first two applications,
the data collected for that analysis is not used in order to demonstrate use cof minimal
information for estimating parameters for the model. Topographie and scils maps were
used in data compilation (Figures 10 and 11).

Ceometric Characteristics

The topographic map shows that the watershed has two tributaries to a third chan-
nel. The area draining to the longest tributary was made into a subwatershed and the
other tributary was ignored because of its small contributing area. The watershed was
subdivided into one subwatershed, two planes and one channel as shown by the schematice
of Figure 12. Sample lines were drawn, areas measured, and slopes calculated for that
configuration. The results of this analysis are presented in Table 15 for the different
units in the watershed.

Five sampling lines were used to estimate overland flow slope. The al and a2 were
calculated from side slope values as swale or v-shaped channels. Both bt and b2 are

equal to 0.5.
Soil Characteristics

The soils in the watershed were classified as sandy loam or clay loam. Suggested
values from Tables 1, 4, and 6 were used to develop soil characteristies based on an area
weighted average (i.e., how much of the unit was covered by a certain soil type). For
example, WS1-L had 72.7 percent sandy loam with Kw = 0.74 and 27.3 percent clay loam
with Kw = 0.35 by area. The area weighted average for hydraulic conductivity was

calculated as

Kw =(0.727) 0.74 + (0.273) 0.35 = 0.63

"G. V. Sabol and T. J. Ward, "Santa Barbara Hydrograph With Green-Ampt Infiltration,"
Proceedings of the 1985 ASCE Watershed Management Svmposium - Watershed
Management in the Eighties, Denver, CO (American Society of Civil Engineers [ASCE],
1985).

°T. J. Ward and S. B. Bolin, A Study of Rainfall Simulators, Runoff and Erosion Pro-
cesses, and Nutrient Yields on Selected Sites irt Arizona and New Mexico, Technical
Completion Report, Project No. 1423672 (New Mexico Water Resources Research
Institute, April 1988).
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Figure 12. Schematic of Albuquerque ARS Watershed II.
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Table 15

Geometric Characteristics

Characteristic WS1-L* ;ISI—R WS1-CH PL1 PL2 CH1
Area, acres 8.8 5.7 --- 13.3 12.7 ---
Length, feet 271 176 1412 583 557 993
Slope, decimal 0.084 0.124 0.072 0.074 0.089 0.040
al --- - 6.35 -=- - 7.06
a2 -—- - 6.32 - --- 7.04

*WS1-1. = Watershed 1, left side (looking downstream); WS1-R = Watershed 1,
right side; WS1-CH = Watershed 1, channel; PL1 = Plane 1, left side of channel;
PL2 = Plane 2, right side of channel; CH1 = Chanrel 1.

Erosion/Sediment Characteristics

Sand-silt-clay percentages from Table 4 were weighted then plotted on logrithmic
grain size-arithmetic probability paper (Figure 13 is the worksheet). Grain size distribu-
tions were similar for all watershed segments. The distribution for the planes in the sim-
ulation was used throughout because the planes are closer to the watershed outlet. The
results of these computations for the soil characteristics are presented in Table 16.

The values COHM = 0.000012 and DCOEFF = 0.001 were assumed. The watershed
is usually dry, so a water content of 7 percent was used to calculate initial saturation,
Sl.

Surface Characteristics

Ground cover for the watershed was reported at about 20 percent with essentially
no canopy cover. Potential ground cover interception was estimated at 0.01 in. Imper-
vious area and depression storage were assumed to be zero. Manning's n value for the
channel was set at 0.035. The maximum overland flow roughness coefficient was esti-
mated from the USLE K value and Equation 10. Note that ADW must be computed for
the entire subwatershed and not each segment. The resultant weighted K values and the
computed ADW values are listed below.

Characteristic wS1 PL1 and PL2
USLE K 0.22 0.21
ADW 13137 13603
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Table 16

Computation of Soil Characteristics*

Characteristic WSI1-L WS1-R PL1 PL2
Sandy loam, % 72.7 52.6 47.2 50.1
Clay loam, % 27.3 47.4 52.8 49.9
WETK, in./hr 0.63 0.55 * K * ¥
SAVE or SUC, in. 5.4 6.2 * K * &
POROS 0.45 0.45 * % *ok
SW 1.0 1.0 *x *k
SI 0.23 0.23 * % ok
P or Pf for D
12.7 mim 100 Aok kK ok ¥ ok oK
4‘0 mm 100 * %k A ke > Ak Kk
2.0 mm 100 a4 e LR 33 s8¢ K
0.5 mm 81 * X A & e Xk 5 Xk
0.25 mm 71 & Mok % i K ¥ % kK
0.125 mm 62 kKK * k% *ok K
0.074 mm 55 X% % %k A %k XK & K %k
0.02 mm 40 E £ % 3 & ok %k ¥* ek
0.002 mm 18 * % %k %k Xk % ¥k %k
0.00024 mm 0 *kk Rk *okk
DOF .40 t 31 31
PLASI 9 ¥ 10 10

*A sandy loam soil type was assumed for the channel bed and erosion/sediment
characteristics were determined accordingly.
**These are equivalent to the WS1-R values because of the similarity in the
soil percentages.
***These are equivalent to the WS1-L values.
$These are equivalent to the WS1-L values because they must be calculated on the
basis of the entire watershed.

Rainfall Characteristics

Two rainfall events were used. The first is the design storm presented in Example
5 for Approach 2. The other storm is a measured event that occurred on June 10, 1966.
The characteristics of that storm are listed in Table 17. Total rainfall for this measured
event was 1.18 inches in 25 minutes.

Miscellaneous Inputs

The modeled watershed contains one subwatershed, two planes, and one channel.
No reservoirs were modeled. Temperature was set at the default value of 70 °F. For the
channel, only subwatershed WS1 was contributing from upstream so IWS =1, 0, 0 and [UP
=0, 0, 0. However, two planes, PL1 and PL2, were contributing so that IPL = 1, 2. DTIM
was taken at 1 minute for both events and FTIM was set to 90 minutes for the design
event and 55 minutes for the measured event.
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Table 17

Rainfall Characteristics

Increment Ending time, minutes Intensity, in./hr
i 3 1.60
2 5 1.50
3 7 5.70
4 9 0.30
5 13 6.45
6 16 1.60
7 25 0.27

Measured Storm Simulation

In this simulation, the measured rainfall data were used. Other parameters were
the same as in the design storm simulation.

Simulation Using Parameters Derived from Field Data

Information provided by Ward and Bolin® was used to determine parameters for the
model. Differences were found in soil characteristics when compared to those estimated
from Tables 1, 4, and 6. Infiltration and soil erosion measurements at the site provided a
different set of values as shown in Table 18. Ground cover was increased to 25 percent
as measured in the field. The USLE K factor was found from the nomograph (Figure 9) as
0.22, the same as was estimated previously. All of the other variables remained the
same for the simulation. The variable values (Table 18) were computed using area
weighted averages. The channel bed is a sandy loam soil. Parameters for the channel
were estimated in a manner similar to that described above.

Results

The results for the three sets of information are presented in Table 19. This table
shows that the mere selection of a design event will not assure the user that the largest
event has been modeled. The data also indicate that, for the measured event, estimating
variable values guide provided even better results than when field data were used. This
may not be the case for all events, but it demonstrates that using this guide to estimate
values can at least provide reasonably realistic answers.

°T.J. Ward and S.B. Bolin.
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Table 18

Characteristies for the Measured Rainfall Event

Characteristic WSI-L WSI1-R PL1 PL2
WETK (in./hr) 1.04 1.02 * *
SAVE or SUC (in.) 0.42 0.43 * *
PORQCS 0.55 0.55 * *
Sw 1.0 1.0 * *
SI 0.23 0.23 * *
P or Pf for D
12.7 mm 100 ¥ wx *k
4.0 mm 98 *x ¥k *ok
2.0 mm 88 *x *x *x
0.5 mm 68 *x *k wok
0.25 mm 58 ** ki * ok
0.125 mm 48 ** o * %
0.074 mm 40 ** * % *ok
0.02 mm 31 *k *x * %
0.002 mm 15 *x *x *
0.00024 mm 0 *k *x **
DCOEFF*** 0.0087 *k *x **
DOF*** .27 %k %K * %k Xk
PLAS[*** 8 % %k EE 3 X* %

*Equivalent to the WS1-R values because of similarity the in the soil per-

centages.
**Equivalent to the WS1-L values.
***Calculated from the clay percentage taken from Figure 13 (15 percent).

Table 19

Simulation Results

Peak Discharge  Runoff volume Sediment

Event/Data (cfs) (in.) Yield (1b)
Design/no field data 2.15 0.04 3866
Measured/no field data 103.00 0.35 59798
Measured/field data 154.00 0.65 85891
Actual* 77.10 0.39 ——

*These are the measured values from the watershed for the event. No sediment
yield data were collected.
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METRIC CONVERSION TABLE

1 acre = 0,405 hectare

1 tt = 0.305m

1 in. = 25,4 mm (or 2.54 cm)
116 = 0.453 kg

1 psi = 703 kg/m2

I qt = 0.95 L

°C = 0.55 (°F-32)

tm? = 10.76 sq ft

1 ml = 0,034 oz
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APPENDIX:

RECOMMENDED METHODS FOR FIELD INFILTRATION TESTS

Introduection

Development and use of mathematical models to estimate rainfall, runoff, and as-
sociated erosion has made it necessary to collect and analyze field data to derive the
needed model parameters. The standard methods for field data collection focus on using
a portable rainfall simulator. Because the ARMSED model is based on physical pro-
cesses, parameters can be derived from field measurements. This model requires para-
meters related to ground ccver, canopy cover, soil properties, infiltration character-
isties, erosion coefficients, and hydraulic properties of surface water runoff.

Equipment

Field infiltration studies must be conducted using a biow-down spray-type sprink-
ling infiltrometer on pairs of 1 meter square (approximately) plots. Tre following
description is provided as an example of the equipment and procedures that will provide
the required results.

Methodclogy
Site Selection

Study sites should be selected to include soil types representing a large percentage
of the watershed area. However, not all soil types in the watershed need to be
included. Consideration should also be given to soil types in the entire installation. A
given soil type may represent a small percentage of soils in the watershed but may make
up a larger percentage of soils for the installation. Including the given soil type in this
case may save effort in the long run. Approximately 12 plot runs need to be obtained for
each soil type.

Field Sampling

The infiltrometer is mounted on a 16-ft trailer. A pair of nozzles is mounted on
each of two separate booms, one boom on either side of the trailer. At each parking
spot, it is possible to simultaneously simulate rainfall on two plots. These plots are de-
fined using a 1-m? square frame made of heavy gage strap steel. This frame is driven
into the soil with one side driven flush with the soil surface. That side is where runoff
exits the plot, enters a collection trough, and is sampled. This simulator delivers an
average rainfall intensity of approximately 4.0 in./hr to the level plot at 2.5 pounds per
square inch (psi) inlet pressure to the nozzles. Pressure variations change the intensity
of the simulated rainfall. Applied energy to the plot is approximately 60 percent of that
expected from natural rainfall. Water is delivered simultaneously to both booms by a
pump and water tank mounted on the trailer. First a dry run, then a wet run, are per-
formed as described by the following sequence.

Dry Run

1. Select site and fill in general information on sample sheet (Table Al).
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Table Al

Sample Data Sheet

SMALL SIMULATOR DATA SHEZ!I

Project
Plot ID Number Date Observer
Sunny Windy Air Temp.
Cloudy Calm Water Temp o
% Vegetation % Rock Cover
BEFORE RUN AFTER RUN

Moisture Content Sample

0 -5cm Bed Load Sample
5 - 10 em Suspended Sediment Sample
Dust Pan Sample Depth to Wetted Front
(on back)
- Rain Gages (on back)
Pan Runoff Times: (seconds) Pan Runoff Times: (seconds)

AFTER WET RUN
Boom Orientation Soil Sample

(on back)

Slopes (on back)

Clock Time at Start of Rainfall
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Table A1 (Cont'd)

All other times measured from start of rainfall (min:sec)

Time of Pan Removal Time of Pan Replacement

Time to Ponding

Time to Runoff

Time Runotf Volume Time Runoff Vclume Time Runofft Volume

(min:sec) (mls) (mistsecy (mls) (min:sec) (mls)

Depth of accumulated runoff in collection bucket #

1s inches.




2. Initially position 1-m? plot frames.

3. Position trailer carrying rainfall simulator so that booms cover the plots.

4. Install plot frames with trench for collection trough.

5. Seal disturbed soil contacting plot frame with bentonite.

6. Take pictures of the plots and estimate the cover.

7. Connect suction pumps to troughs.

8. Collect soil using a 1-in. interior diameter core sampler to provide moisture and
density samples from the top 10 cm of surface on the outside edge of the plot frame.
Put in soil cans, label, and seal.

9. Place impervious rainfall collection cover on plot.

10. Install a raingage at each corner of the plot.

11. Install wind screens as needed.

12. Begin simulated rainfall.

13. Sample the rainfall rate using runoff from impervious cover.
14. Remove the impervious cover.

15. Note the times of ponding and runoff into the trough.

16. Pump troughs as necessary (every 3 to 5 minutes).

17. Record pumped volume and accumulate in barrel.

18. Simulate rainfall for approximately 20 to 45 minutes (depending on soil condi-
tions) to assure a steady state runoff.

19. Replace rainfall collection cover and again sample rainfall rate.
20. Stop rein and dump trough a final time.
21. Measure depths of accumulated runoff in barrels.

22. Agitate the barrels and sample 500 ml of water and sediment. Preserve with 10
ml of chlorine bleach in a 1-qt glass jar. Label and seal.

23. Remove deposited material (bed load) from the runoff trough and the runoff
tray (metal flume between plot and trough). Bag material in plastic zip-loc bags and
label.

24. Record raingage depths in inches and millimeters.

25. Measure depth to wetted front on outside edge of plot.

26. Cover plot with plastic sheet, piywood, and dirt until wet run.
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Wet Run (12 to 24 hours later)

27. Repeat steps 6 to 25 above except simulate rainfall for a minimum of 20 min-
utes or until steady runoff is observed.

28. Measure land slope in the plot with a 2-in. by 4~in. board and a Brunton compass.

29. Remove about 2 1b of soil for sieve analyses from the center of the plot. Save

in zip-loc bag.
Sample Containers

Samples of water, sediment, and soil are sent to the laboratory with the sample
sheets. Soil moisture cans should be labeled with adhesive tape marked with permanent
ink. This tape and ink combination does not fade or burn out when dried in an oven.
Plastic bags containing bed load or bulk soil samples shculd be labeled with masking tape
and permanent ink. Runoff water containers should be wrapped with masking tape, so
the label will not fall off, and marked with permanent ink.

Each sample container should be prepared prior to the simulations. An information
code should be used to distinguish samples from different plots. For example, MiB - DI
would represent samples taken from Minnequa-Wiley Silt Loams (MiB) during the dry run
on plot 1 (D1), which is on the driver's side or left of the trailer.

Samples should be boxed and transported to the laboratory at the end of the simula-
tions. At the laboratory, labels should be checked against data sheets. Samples for each

item should be verified and inventoried in the data log using the code from the data
sheet. This inventory should be permanently affixed to the data log.

Laboratory Measurements

At the laboratory, field samples will be measured and analyzed for several basic
data including:

e rainfall depth and duration

e total runoff

e suspended sediment yield

e bed load sediment yield

e final infiltration rate

e saturated hydraulic conductivity
e average capillary suction

e soil moisture and porosity

o depth to wetted front

e soil particle size distribution
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e percent of surface cover
e erosion parameters.

Suspended sediment will be filtered following procedures for fine sediments as dis-
cussed in the National Handbook of Recommended Methods for Water—data
Acquisition.'® The bed load will be air dried and weighed. Cover will be estimated in
the field and verified from photographs. Soil moisture will be measured according to
USGS (1977). Soil gradation will be determined on a split sample following ASTM speci-
fications D421-58 and D422-63. Bulk density will be found from oven dried weights of
core samples. Rainfall rates will be determined by runoff from the impervious cover and
verified by the rain gage readings. Runoff will be determined from the measured
pumping values and verified bv the volume of runoff in the collection barrels. Infiltra-
tion and erosion parameters will be derived from the measured and the processed data as
discussed in the following section.

Derivation of Parameters

The runoff-erosion process is modeled through interaction of the various definable
hydrologic and hydraulic components. Some components are described using semiempiri-
cal equations, requiring various coefficients based upon soil characteristics within the
watershed.

Specifically, four parameters are of importance. Infiltration is modeled using the
relation of Green and Ampt. This relation involves two soil parameters, the saturated
hydraulic conductivity (Kw) and the average capillary suction pressure head at the wet-
ting front (He). Two other parameters describe sediment supply; one by the mechanism
of raindrop detachment (A), and the other by overland flow detachment (DOF). These
four parameters, along with other easily measured watershed characteristics, constitute
the information necessary to model the runoff-erosion process.

Infiitration Parameters. The Green-Ampt relation for infiltration is of the form:

£= 90 =K (1 +55) [Eq A1]
where f = instantaneous infiltration rate
t = time
F = accumulated depth of infiltration
Kw= saturated hydraulic conductivity
He = Potential head parameter, further described as:
He = (S, - §;) n¥c [Eq A2]
where: n = soil porosity
Ye = capiilary suction
Si’ Sf = initial and final degree of saturation.

100ffice of Water Data Coordination, Geological Survey, National Handbook of
Recommended Methods for Water-data Acquisition (U.S. Department of the Interior,
1977).
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The parameters Kw and He may be evaluated from a plot of infiltration rate,
dF/dt, versus the inverse of the accumulated infiltration depth, 1/F. According to the
Green-Ampt relation, this plot must have an intercept on the ordinate of Kw, and a slope
equal to (He)(Kw). From He, Ye may be evaluated using Equation A2.

Accumulated infiltration (F) on  the sample plot was obtained as accumulated rain-
fall less the accumulated runoff. The rain intensity was maintained at a constant value,
while the runoff hydrograph was measured incrementally. Thus, F is obtained in incre-
ments; F divided by the time increment over which it was collected, provides an esti-
mate for the infiltration rate:

f s {- [Eq A3]

A linear equation was fitted to the f vs 1/F data calculated for each sampie piot
using a "least squares" technique. Interpretation of the resulting parameters was gov-
erned by the reality of the infiltration process, and aided by statistical inferences avail-
able within the least squares technique. If the least squares technique was inadequate,
Kw was examined and replaced by the measured final infiltration rate in later computa-
tions. The values of Kw and Ye derived in this manner can be thought of as representa-

tive parameters for the soil.

Detachment Parameters. The erosion process is characterized by the interaction
of the sediment transporting capacity of the overland flow, and the sediment supply.
Sediment transport is by two mechanisms, bed load and suspended load. Sediment supply
occurs from two mechanisms, raindrop detachment and overland flow detachment. To
evaluate the detachment parameters, it was assumed that transporting capacity was in
excess, so the measured suspended and bed loads were directly related to the detachment
processes. Further, the suspended load was viewed as primarily dependent on the process
of raindrop detachment, and the bed load dependent on the process of overland flow.

Raindrop Parameters. This detachment process is modeled to be proportional to
the square of the rain intc :sity or:

Sediment Yield Rate = (A)(I%) (Eq A3]

where A = raindrop detachment coefficient
I = rainfall intensity (in./hr)

The coefficient A can be evaluated for each rain event on each plot, with the as-
sumption that the measured suspended load represented raindrop detachment. Since rain
intensity was constant during a rain event, A is calculated as the ratio of suspended sed-
iment to I, after adjusting this measured sediment for the deficient energy of the simu-
lated rainfall.

Kinetic energy of natural rainfall is assumed to be related to the rain intensity:
= 916 + 331 L0G,, (1) (Eq A5]
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ft-tons

wher = rainf -
here KE rainfall energy acrocinch

This relation is difficult to reproduce using simulated rainfall; a simulated rainfall
of a certain intensity will typically have an energy below that of natural rainfall. A con-
sequence of this reduced energy is a decrease in sediment supply from raindrop detach-
ment; the measured suspended loacd should be lower than that observed under natural
rainfall. To adjust A for this reduced energy, the measured suspended load can be
increased by multiplication with the ratio of natural rainfall energy to the simulated
rainfall energy. Coefficient A is calculated based on bare unprotected surface area.

Overland Flow Detachment. The model used for this process is that common to the
physical process models developed at Colorado State University. In these models, over-
land flow detachment is a fraction of excess sediment transport capacity. The para-
meter describing this process represents the ratio of overland flow detachment to the
excess sediment transport capacity. Excess sediment transport capacity exists when
transport capacity exceeds that necessary to transport sediment supply created by rain-
drop detachment. In equation form:

(transport capacity - raindrop supply) [Eq A8]
sediment supply

overland flow = DOF

where DOF = overland flow detachment coefficient.

Measured bed load can be used to represent the overland flow sediment supply, and
the energy-adjusted measured suspended yield can be equated to the raindrop sediment
supply. Transport capacity can be calculated as the sum of the bed load and suspended
load capacities calculated from measured plot and soil characteristics. Red load capa-
city was determined from the Meyer-Peter-Muller bed load relation and suspended load
capacity was predicted using Einstein's equation.

Sources of Error

As in any field experiments, error is possible due to onsite conditions not being
optimum. Two conditions can often affect results to some extent. One condition can
occur on gentle slopes where ponded water has caused a lag in runoff response and extra
soil protection from raindrop splash. These are natural occurrences and are thus repre-
sentative of site conditions, although they may have some effect on the derivation and
comparison of parameters. The second condition is wind, which can be intermittent and
multidirectional. Because of this, almost all runs can exhibit wind effects, but fortu-
nately, few are affected enough to preclude use of the rainfall data.

Results

Include a figure showing locations of watershed sampling sites in the report. Figure
Al is an example. Table A2 is an example presentation of the soil codes and deseriptions
for mapped units in a watershed. Table A3 is an example of the number of plots sampled
for each soil type. Table Al shows a data collection sheet.
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Table A2

Soil Codes and Description for Mapped Units in
the Pinon Canyon Experimental Watershed

Map Percent of
Symbol Watershed Description (percent slope)
C6D 8 Cadoma Clay (4 to 6)
MiB 15 Minnequa-Wiley Silt Loams (1 to 6)
MP 35 Midway-Gaynor Complex, gravelly and silty
clay loams
MzA 1 Manzanola Silty Clay Loam (0 to 1)
MzB 25 Manzanola Silty Clay Loam (1 to 4)
SaD 5 Midway Clay Loam (3 to 15, gullied)
ShD 3 Shingle-Penrose Complex (2 to 15)
TsD 3 Travessilla-Rock Outerop Complex (25 to 69)
WiB 2 Wiley Loam (0 to 3)
wWC 3 Wiley-Villegreen Loams (1 to 4)
Table A3

Soils Sampled for Infiltration and Sediment Yields

Soil Symbol Number of Plots*
C6D 4
MiB 6
MP 8
MzB 8
wC 4

*Each plot subjected to dry and wet runs.
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Summaries and statistics of the data should also be presented. Important plot or
site characteristics include antecedent soil moisture on a dry weight basis, overland
slope, soil porosity, rock cover on the soil surface, vegetative cover on the soil surface,
and soil gradation. Table A4 is an example of how these data should be presented.
Observations on differences between soil plots should be made in the text discussion. An
analysis of variance (ANOVA) F-test should be made to identify differences amang prop-

erties of the soils.

Rainfall and runoff should be described. Include the iength of runs, wind erfects,
rainfall rates, and the ratio of runoff to rainfali. Use the ANOV.A test to identify varia-
tions of rainfall rate with different soils. Differences between wet and dry runs should
be noted and explained. Table A5 is an example presentation of rainfaii-runoff informa-

tion.

Infiltration, erosion, and sediment yield should be divided into measured values and
derived parameters. The final infiltration rate may be the average of the final three
time points from the rainfall-runoff data, excludirg the last pumped sample. Other data
includes depth in the soil to the saturated front and sediment yields for suspended, bed,
and total (sum of suspended and bed loads) loads. The total yield should be presented as
tons of soil per acre-in. of runoff in order to normalize for runoff. Table A6 is an
example presentation of measured infiltration and erosion values. Figure A2 shows the
estimation of Green-Ampt infiltration parameters from field data. Differences between
dry and wet runs shculd be discussed and an ANOVA test should be made to determine

soil response to suspenided sediment yield.

Infiltration and erosion parameters should be derived using the procedures pre-
viously described. Where appropriate, the final infiltration rate can be used in lieu of
Kw, and capillary suction can be computed on that basis. Table A7 is an example presen-
tation of derived parameter.. ANOVA test should be used to identify differences in the
raindrop splash detachment coefficient and the overland flow detachment coefficient

among soils for wet and dry runs.
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Figure A2. Estimation of green-ampt infiltration parameters from field data.
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